Abstract In this study, a new method was developed to produce biodegradable material using soy protein isolate (SPI) as matrix. The blend films were successfully prepared by casting the aqueous dispersions of SPI and polyamic acid salt (PAS) solution. The effects of blending and PAS content on the structure of the resultant films were investigated by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), differential scanning calorimetry (DSC) analyses, scanning electron microscopy (SEM). Furthermore, film thickness, water vapor permeability (WVP), water barrier and mechanical properties were measured. The result showed that there exists strong intermolecular interactions between SPI and PAS, which played an important role in forming a homogeneous structure of the blend films. Moreover, the incorporation of PAS enhanced the water barrier and mechanical properties of the films. This is a simple way to prepare biodegradable films compared with other methods and the blend films have the potentiality to be used as food packaging and biomedical materials instead of synthetic polymer.
Introduction
In recent years, biodegradable materials have received an increasing attention, since plastic materials have led to serious environmental concerns (Silva et al. 2007; Lithner et al. 2011; Ezrin 2013 ) and the oil price is increasing (Sothornvit et al. 2010; Arora et al.2012; Ratti and Vespignani 2013) .
Therefore, a variety of natural polymeric materials have been widely studied in the fields of food industry, packaging, pharmaceutical and biomedical sciences (Dutta et al. 2009; Mesquita et al. 2010) .
Among the natural materials, SPI, of which the protein content is more than 90 % (Tian et al. 2010 ) have get a great concern from the researcher, for it is abundant and have a good film-forming ability (Wu and Zhang 2001; Rhim et al. 2006 ). Many researchers have confirmed SPI-based film have a certain mechanical strength and oxygen, water barrier properties in the presence of the plasticizer (Glycerol usually) (Monedero et al. 2010; Park et al. 2001) , which is essential in food packaging. However, the brittleness and water sensitivity of protein films limit their further applications. An improvement in the toughness and water resistivity of soy protein material is essential for their successful applications (Wang et al. 2005) . Thus many efforts have been made to enhance the toughness of SPI films through different kinds of modification, including chemical cross-linking with Gen (González et al. 2011) , Cod gelatin (Denavi et al. 2009 ), Agar (Tian et al. 2011) , Carboxymethyl cellulose (Su et al. 2010 ) and so on, reinforcing the SPI matrix with natural fibers such as ramie fiber (Lodha and Netravali 2005; Kumar and Zhang 2009 ), jute (Behera et al. 2012) , joint enhancing by nano-materials and natural fibers (Huang and Netravali 2007; Huang et al. 2009 ), or blend with other synthetic polymers (Wang et al. 2005 ).
Among the above methods, blending with synthetic polymers is an effective method for modification of SPI films, because the chain of SPI contains a variety of active groups, which can react with the polymers. However, it is difficult to make the SPI solution and the hydrophobic polymers cosolvent due to the polarity difference (Wu et al. 2009) . So the polymers which can be used are rare and the study in this area is few. To date, it is just only waterborne polyurethane (WPU) that was reported to be successfully used to improve the performance of SPI films (Tian et al. 2010; Zhang et al. 2012) .
Polyimide is a kind of polymer materials with excellent performance. Owing to its unique rigid rod-like structure in the main chain, it has excellent mechanical properties, thermal stability, and dimensional stability and so on. Now the films made from polyimide have been widely used in many fields. Polyamic acid salt is the precursor during the synthesis of polyimide film, which contains rich amide and carboxyl groups. More importantly, PAS is water-soluble; this make it feasible to blend SPI with PAS, and obtaining the SPI films with better mechanical and water-blocking properties is also possible.
Thus, in order to increase the Tensile strength (TS) Elongation at break (E) and Water vapor permeability (WVP), which are desirable improvements in considering such films for packaging applications, SPI/PAS blend films were prepared by a method of casting. And tensile testing, Swelling experiment, water vapor transmission test were conducted. The structure, morphology, thermal property were studied and the effects of PAS amount on the structure and properties of blend films were also discussed. Preparation of the SPI/PAS blend films Alkaline soy protein solution was prepared according to the method provided by Brandenburg et al (1993) . SPI (7 g) and glycerol (3.5 g) were dissolved in 100 ml deionized water with a constant stirring of 3 h. The pH value of the solution was adjusted to 10 ± 0.1with 1 M ammonia solution. Then the solutions were heated for 20 min at 90°C to denature the soy protein .
Materials and methods

Materials
The m-PDA (1.08 g, 0.01 mol) and DMAC (20 ml) were introduced into a beaker, a 50°C constant-temperature water bath and a magnetic stirring were used to make it dissolve completely. Then PMDA (2.20 g, 0.01 mol) was added to the solution in batches and the time was controlled in 2 h. The solution was stirred for 30 min again and triethylamine solution was added to it. After that, the solution was strongly stirred for another 6 h to make reaction sufficient. Next, the solution obtained by previous steps was poured into acetone solution and the PAS precipitated in the form of solids. After standing for some time, the upper acetone was removed and the Gansi were continued to stand in the air for 1-2 days to make the acetone evaporate. Then deionized water was added to dissolve the precipitate and then PAS solution were prepared. By changing the amount of reactant, different concentrations of the PAS solution were obtained.
The PAS solution was added to the soy protein solution and stirred, followed by drawing a certain volume of the mixture into a homemade glass box (the dimension was 28.0×15.0× 1.0cm), the box was dried in an oven at 70°C for an hour then 100°C for 2 h. Finally, a series of blend films were obtained. Specially, the pure SPI films without blending were prepared by the same process, and the films were coded as SP0, SP25, SP50, SP75, and SP100 respectively.
Film thickness Film thickness was measured with a handheld micrometer(0-25 mm, Shanghai Measuring & Cutting Tool Factory). For each film, nine different points were tested and averaged.
Color measurements Color values of the films were measured with a portable colorimeter(CR 400, Konica Minolta, Japan). The specimens were placed on a white standard plate (L=95.67, a=−0.05, b=2.82), and the L, a, b color values were measured. L values range from 0 (black) to 100 (white); a values range from −80 (greenness) to 100 (redness); and b values range from −80 (blueness) to 70 (yellowness). Three measurements were taken on each specimen, and each type of films was replicated three times.
Structural characterization In order to confirm the change in the internal structure of the film, FTIR analyses of blend films were performed on a FTIR spectroscopy (NICOLET 6,700), all samples were scanned from 4,000 to 400 cm -1 . The XRD measurement was conducted on an X-ray diffractometer (Rigaku D/MAX-3B), the Bragg angles were 10°C-45°C and the scanning rate was 2°/min. In addition, The microscopy observation of the films was carried out on an SEM (HITACHI S-3,400 Japan). And before the examination, the samples were dried under vacuum, rolled into tight rolls, and the fractured surfaces of the rolls were coated with gold.
Differential scanning calorimetry (DSC) Thermal properties of the films were studied by a differential scanning calorimetry (TA, Q20). Each samples of 6.0 mg were equilibrated at 25°C for 2 min, and then heated to 200°C at a rate of 10°C/min.
Swelling experiment The method of Zhang et al. (2012) was used to determine the swelling properties of the film. Films were cut into 2.0×2.0 cm, and dried to constant weight. Then the dried samples were immersed into the deionized water at 25°C for 6 h. At specific time intervals, the samples were taken out of the water, absorbed excess moisture with cotton and weighed. The water swelling ratio of test sample was calculated as follow:
Water swelling ratio = m t −m 0 m 0 Â 100% (1) Where m t is the weight of the test sample at time of t and m 0 is the initial weight after drying. All experiments were carried out in six replicates.
Mechanical property A texture analyzer (TA-XT2i, SMS, Britain) was used to measure the tensile properties of the films according to ASTM standard method D882 (ASTM D882 2002) . Before the test, films were cut in rectangular strips, the length and width are 50 mm and 10 mm. Then the specimen were stored in chamber at 25°C and 50 % RH for 48 h. The initial grip separation was set at 50 mm, the pre-test, test, and post-test speed were set at 1, 5, and 10 mm s −1 , respectively.
The tensile strength (TS) and Elongation at break (E) were calculated according to the method described by ASTM-D882. Measurements were performed at least in twenty replicates.
Water vapor permeability (WVP) A modified cup method based on the ASTM standard method (ASTM E 96-00) was used to decide the WVP (González et al. 2011) . Each specimens (without physical defects such as cracks, bubbles or pinholes) were conditioned for 48 h in a chamber at 25°C and 50 % RH before being determinated. Then it was sealed onto an cup, which is filled with silica gel (0 %RH) and the mouth area ie test area is 45 cm 2 , The test cups were placed in a humidity chamber at 25°C and 50 % RH, and the weight changes were recorded at intervals of 1 h during 12 h. Linear fit was used to get the slope of the fitting straight line from the graph of mass versus time.
The water vapor transmission rate WVTR (kg s
) and the WVP (kg m Pa
) was calculated as follow: WVTR =F/A (2)
Where F is the slope of fitting straight line (kg s
−1
). A is the test area. e is the film thickness (m). Sp is the saturation vapor pressure at test temperature (Pa), RH 1 is the relative humidity in the test chamber and RH 2 is the relative humidity in the cup (nominally 0 %). All samples were measured in six replicates.
Results and discussion
Structure and miscibility To confirm the interaction between SPI and PAS, FTIR measurements were carried out for all films. As shown in Fig. 1 , The amine stretching band region displayed two peaks at 3,450 cm ,which was assigned to-NH-stretching of the primary amide in SPI. For SP0, the characteristic absorbing peaks of amide I, corresponding to C =O stretching, were observed at around 1,650 cm To conclude, FTIR confirmed that the strong bonding reaction occurred between soy protein and PAS in the blend films and the interactions increased with an increase of PAS. The X-ray diffraction of different films was shown in Fig. 2 . For SP0, there existed a broad peak between 10-40. And compared with pure SPI film, the blend films showed some new characteristic crystalline peaks, which indicated that the blending made the structure of the original amorphous SPI films changed. For SP25, three weak typical diffraction peaks were found at 18.92°, 19.42°and 21.24°, while the diffraction peaks of SP50 were observed at 19.38°, 20.77°. For SP75 and SP100, the peak values were 17.14°and 17.01°r espectively. The result confirmed the interactions between SPI and PAS. Broadly speaking, the comparative intensity of the peaks and the peak area became larger with the increases of PAS, indicating the increase of the crystallinity.
In order to further confirm the interactions and investigate thermal behavior of the film, DSC analyses were carried out. Fig. 3 shows the DSC curves for the films. For SP0, no apparent melting peak was found for the lack of crystal structure and the low sensitivity of DSC. But for the blend films, the melting peak appeared at around 120°C, and the melting temperature was significantly higher than the 50°Cof SPI/WPU blend films previously reported, though the peak shape were not particularly sharp (Zhang et al. 2012 ). This phenomenon confirmed the reactions and indicated that the film has a good thermal stability. On the other hand, with the addition of PAS, the melting peak area showed an increasing trend, demonstrated that the crystallinity of the films increased, which was consistent with the results of XRD. Figure 4 shows the macroscopic appearance of the films and Table 1 shows the color values of them. The L value decreases with the PAS addition, while the a and b value increases largely, which is different from SPI film treated by Sodium dodecyl sulfate (SDS), as the effects on L and a color values are practically inconsequential (Rhim et al. 2002) . It shows that the brightness of the films decreases and yellowness increases, which may be unfavorable factors in food packaging. Figure 5 shows the SEM images of pure SPI plastics and blend films and they are different from the SPI film reinforced by fiber in general (Kumar and Zhang 2009; Lodha and Netravali 2005) . The fracture surfaces of SP0 film were rough and have many raised skeleton structures, which may be due to the original protein structure that is not completely destroyed and left behind. With the incorporation of PAS, the fracture surface structure has undergone great changes. For SP25, the surface became smoother and the skeleton structures disappeared, replaced by layered structure that is similar to the films prepared by Tian et al. (2010) which suggested the entanglement and strong radical reaction between SPI chain and PAS. With the addition of PAS, the films possessed more even and homogeneous fracture surface as illustrated in Fig. 5 (c, d, e) . It is believed that the methods used in this work resulted in the successful intermolecular reactions between soy protein and PAS. On the other hand, since polyamic acid is an insoluble polymer, it cannot react with soy protein denatured at alkaline conditions, thereby the PAS was introduced. And the blending of PAS with soy protein solution lead to a much better interfacial contact and the fine compatibility. This also proved that the method in this study is quite feasible.
Water resistance and mechanical properties In order to study the water resistance property of the films, all samples were submitted to swelling experiments. At the first hour, water expansion ratio was calculated every 10 min. And for the remaining 5 h, it was calculated every 1 h. The resulting swelling curve was shown in Fig. 6 . The pure SPI film presented a high ratio, and it was obviously lowered after mixing with PAS, which indicated that the blend films had better water resistance properties. This can be due to the radical reaction between SPI and PAS, which restricts the penetration of water into the polymer matrix. For all films, the ratio showed a decreasing trend on the whole, which is very different from previous study (Tian et al. 2010) . This may be caused by dissolution of the soluble matter in the film, such as water-soluble protein, hydrophilic unbound. Especially for SP0 and SP25, the ratio increased initially and then decreased. This may due to the strong hydrophilicity of SPI, and it require a longer time to reach a equilibrium of water uptake. It was also found that after immersing into water for 6 h, the SP0 film fell into disrupt fragments, the SP25 has a slight volume expansion (Fig. 7) . While the other films could Elongation at break (%) Fig. 8 Effect of PAS content on tensile strength(■)and elongation at break(▲)at 25°C, 50 %RH retain the original integrity. This also indicated that the blend films had a better water resistance property. Figure 8 showed the mechanical properties of the films. For the pure SPI film, the value of TS was 5.82 MPa as shown in, which is higher than the results of González calculated according to the ASTM D882-02. For the blend films at test conditions, the TS increased with an increase of PAS content, and the E exhibited the similar trend. when the concentration of PAS is 25 %, both of the values were significantly improved, and generally higher than the SPI films added with other biological polymers (Galus et al. 2013; Denavi et al. 2009 ) or reinforced by chemical crosslinking (González et al. 2011) . This means that a small amount of PAS will be able to improve the mechanical properties of blend films. With the amount rises again, the values of TS increased significantly but the E were not significantly different.
The mechanical Properties of pure soy protein materials were not good. But in our findings, SPI/PAS blend films exhibited a better mechanical property than most films improved with other methods, films reinforced by fiber and carboxymethyl cellulose(CMC) excepted (Behera et al. 2012; Huang and Netravali 2007; Su et al. 2010) . This may be due to the polymerization of the different groups that changed the rigidity and flexibility of the molecular chains.
Water vapor barrier property Good water vapor barrier performance is very important to the materials used in packaging. Owing to the hydrophilicity of SPI, its water vapor barrier property was very low and the WVP of the SP0 film was (4.34±0.17)×10
−10 gmPa
, showing a little stronger water vapor barrier behavior than the pure SPI films reported previously (Zhang et al. 2012) . Figure 9 shows the WVP of the different blend films. Generally, the values were lower than the SPI films treated by SDS, but they were higher than cross linked SPI (Rhim et al. 2002; González et al. 2011) . With the increase of PAS, the values of the WVP decreased, and the difference between the values is significant as shown in Tables 2, which indicated that the incorporation of PAS improved the water vapor permeability of the films greatly. Especially, when the PAS content is 25 %, the WVP value reduced more, which was in good agreement with the TS values. This may be attributed to its homogeneous structure (Fig. 5) as well as the strong interactions between SPI and PAS.
Conclusion
The functional properties of pure SPI films can be modified by incorporation of PAS. And there exist strong interactions between SPI and PAS, which were confirmed by FTIR, XRD and DSC. Furthermore, compared with most films improved by some other methods, such as crosslinking, adding biological polymers or compounds, the SPI/PAS films possess better mechanical performance and improved moisture barrier ability. It suggests that the new blend films have a greater potentiality to be used as bio-materials. PAS content (%) Fig. 9 The effect of PAS content on the WVP of the films 
